EXECUTIVE SUMMARY
Western Research Institute (WRl) has conducted exploratory experiments on the use of hydrogen and methane plasmas as a means of converting waste materials and heavy oils to hydrogenrich transportation fuels. Experiments were conducted in batch and continuous operational modes, with an industrial microwave generator and with a commercially available microwave oven. A continuously circulating reactor was constructed for carrying out experiments on flowing oils.
Experiments on the decomposition of scrap tires demonstrated that microwave plasmas can be used to decompose these materials into potentially useful liquid products. In an experiment conducted in the batch mode using a commercial microwave oven, about 20% of the tire was converted to liquid products in about 9 minutes.
Methane was decomposed in a microwave plasma to yield a liquid product composed of a number of compound types. Gas Chromatography/mass spectrometry (GC/MS) analyses of the liquid product identified a wide variety of unsaturated compounds, including benzene, toluene, ethyl benzene, methyl and ethyl naphthalenes, small amounts of larger aromatic rings, and a number of olefinic compounds.
Experiments conducted on a crude oil in a continuously flowing reactor showed that distillate materials are produced using hydrogen and methane plasmas. In addition, the recycle oils had an overall carbon aromaticity that was lower than that of the starting feed material, indicating that some hydrogenation and methanation of the recycle oil had taken place in the recycle oils.
Plasma experiments were conducted on a high-sulfur asphalt to determine whether plasmas might be used to desulfurize these materials noncataIytically at low temperatures and pressures.
Significant amounts of hydrogen sulfide and carbon disulfide were produced during the first few minutes of reaction between a high-sulfur asphalt and a hydrogen plasma, suggesting that desulfurization might be accomplished using plasmas.
INTRODUCTION Objectives
The objectives of this project were to investigate the use of microwave-generated plasmas to develop an innovative, noncatalytic method for directly converting fossil fuel and hydrocarboncontaining materials to hydrogen-rich transportation fuels while simultaneously reducing the nitrogen, sulfur, and oxygen heteroatom contents.
Background
The basic chemical problem in converting fossil fuels, such as coals, to liquids and in upgrading heavy oils is that of manipulating the atomic hydrogen-to-carbon ratio (HlC) during the process. Coals and petroleum resids typically have low HlC ratios « 1.4) because of their high carbon aromaticity. Therefore, to make a suitable liquid fuel with an HlC ratio between 1.6 and 2.0, either hydrogen must be added or carbon removed.
During coal liquefaction, hydrogen is added in the presence of a catalyst to assist with bond rupture and production and stabilization of small molecules. Literally hundreds of compounds and combinations have been tested and used as catalysts for coal liquefaction. With the passage of the Clean Air Act Amendments of 1990, a different strategy must be adopted for converting fossil fuels to liquid transportation fuels. Increased emphasis will be placed on producing liquids that have fewer aromatic compounds and more hydrogen-rich isoparaffins. Further, there must be a considerable reduction in the nitrogen, oxygen, and sulfur contents.
Some studies have been conducted on the reaction of coal with hydrogen atoms generated
In a microwave discharge. These studies (Amano et al. 1984 (Amano et al. , 1985 could have enormous implications for coal liquefaction, resid upgrading, and for the requirements of future transportation fuels as dictated by the Clean Air Act Amendments of 1990. The coal liquids produced from these experiments were practically free of heteroatoms and were composed mainly of mono-, di-, and tricyclic paraffins in the carbon range C s to Cn. The atomic HlC ratio of the liquid was 1.82, and the oil-specific gravity and refractive index were 0.855 and 1.447, respectively. These values are typical of highly hydrogenated light hydrocarbons. A gas chromatographic simulated distillation showed that the coal liquid corresponded to a mixture of petroleum fractions consisting of 35% gasoline «180 0C), 28% kerosene «180 -240°C), 34% gas oil «240 -350 0C), and 3% fuel oil (>350 0C). Thus, H-atom induced coal liquefaction, as demonstrated by these experiments, can provide a method whereby coal can be directly converted to an eminently suitable feedstock for transportation fuels in a single step, without the use of catalysts or high-pressure hydrogen. The fact that the process was applied to subbiturninous coals is also noteworthy, because these coals are already low in sulfur and, from this standpoint, represent a desirable starting material.
Although the experiments of Amano were conducted on coals, the experiments suggest that other fossil fuels and hydrocarbon-containing materials, such as petroleum resids and heavy oils, might be hydrogenated at low severity conditions without the use of catalysts and that the produced liquids might have remarkable qualities for a transportation feedstock. Methods that increase the product yields now need to be investigated.
Exploratory experiments have been conducted using microwave plasmas to determine whether high-quality liquid products can be obtained by reacting low-quality feedstock materials in various microwave plasmas. Feedstock materials included scrap tires, car shredder fluff, heavy crude oil, and a high-sulfur asphalt. Microwave plasmas were generated using hydrogen (H 2 ) and methane (CH 4 ), with and without argon and helium. The results of those experiments are the subject of this topical report.
EXPERIMENTAL Feedstock Materials
The scrap tire rubber waste material was supplied by Rubber Granulators Inc. (Snohomish, Washington). The automobile shredder residue was supplied by Environmental Recovery Systems, Denver, Colorado.
A crude oil, API gravity 23.1, from Chetopa, Kansas, was used as the liquid reactant.
Experiments were perfonned using the whole crude oil and a preconditioned oil. The crude oil was preconditioned by vacuum distillation to remove the low-boiling «204 °C/400 oF) fraction.
Simulated distillations of the total crude and preconditioned crude oil, reported in terms of conventional distillate fractions, are given in Table 1 . The preconditioned feedstock consisted mostly of material boiling above 204 °C (400°F), mostly in the heavy and vacuum gas oil boiling ranges.
(See Table 1.) A high-sulfur asphalt was obtained from the Strategic Highway Research Program (SHRP) Materials Reference Library (Cominsky et al. 1989) . It was derived from a California coastal crude oil and had a reported sulfur content of 8.3 wt%. Simulated distillations were made on the liquids produced from the reactions of the crude oil with H2 and C~ plasmas to obtain information about the quality of the produced oils and whether the produced oils are beneficiated as a result of the plasma reactions. This procedure is a gas chromatographic (GC) technique for determining distillation profiles of materials that are not 100% distillable below 538°C (1000 OF). The chromatographic data are divided into desired distillate fractions from correlations between GC retention times and normal alkane boiling points. The concentration (wt%) of each distillate fraction is determined using response factors obtained from standard samples. The results are reported as concentration (wt%) of distillable material versus temperature. The boiling ranges are chosen to correspond to those of the true boiling point distillation (Gary and Handwerk 1984) .
NMR Analyses
NMR measurements on solid reaction products were made on a Chemagnetics CMX solids NMR spectrometer using the technique of cross polarization (CP) with magic-angle spinning (MAS). CP/MAS NMR measurements were made at a carbon frequency of 25 MHZ using a low-background ceramic probe. The ceramic probe reduces probe background signals that arise when recording spectra of samples having low levels of total organic carbon for which signal averaging over long periods of time is required. A 7.5-rrun (o.d.) pencil sample spinner was used. Spinning rates were -4.5 kHz. Data were collected using a pulse delay of 1 s, a contact time of 1 ms, a pulse width of 5 f.ls and a sweep width of 16 kHz. A 50-Hz exponential multiplier was applied to the free induction decay before Fourier transformation.
The NMR spectra were integrated between 90 and 260 ppm for the aromatic region and between -40 to 90 ppm for the aliphatic region. The spinning rates were sufficiently high so that contributions to the aliphatic integral from high-field aromatic carbon spinning sidebands were negligtble and were not included in the aliphatic carbon integral. The carbon aromaticity values can contain contributions from carbonyl (-210 ppm) and carboxyl carbons (-180 ppm) if present.
Liquid-state 13 NMR spectra were also recorded on the WRI solids NMR spectrometer using a single-pulse sequence with decoupling. Generally, the resolution is sufficient to obtain reliable carbon aromaticity measurements in this manner. Data were collected on non-spinning samples using a pulse delay of 1 s, a pulse width of 5 f.lS and a sweep width of 16 khz. Typically, 1800 transients were collected. The NMR spectra were integrated between 90 and 260 ppm for the aromatic region and between -40 to 90 ppm for the aliphatic region.
Gas Analyses
Gas samples were analyzed using a Hewlett-Packard 5840A gas chromatograph.
Hydrocarbon gases were analyzed on a Chemipac C-18 column with flame ionization detector. A Chromosorb 102 column and thermal conductivity detector were used to provide an argon/methane ratio that was used to calculate the approximate outlet gas volume for some tests. Gas analyses of the sulfur species were made using a flame photometric sulfur detector. Sulfur-containing gaseous species were identified by retention times using known gases.
Experimental Procedure
The apparatus used to conduct the tests consisted of a recirculating reactor system, a microwave energy system, and a gas flow system.
The recirculating reactor, shown schematically in Figure 1 , was used for most of the testing.
The plasma was contained within a 19-rrun (o.d.) vycor tube that passed through the microwave applicator. A thin stainless steel rod with a pointed tip was sealed in the top of the plasma tube. This rod was sparked with a Tesla coil to provide the free electrons needed to initiate the plasma. The lower portion of the reactor served as a sump from which the oil was circulated by means of a peristaltic pump. The oil was pumped from the sump through a 5-mm (i.d.) pyrex tube sealed concentrically inside the vycor plasma tube. The oil flowed from the open top of the pyrex tube, down the outer surface of the tube, and back to the sump for recycle. By raising and lowering the reactor with respect to the fixed microwave applicator, the distance between the liquid discharge and the plasma zone could be varied.
The sump and lower portion of the plasma tube were wrapped with a heat tape that was controlled by means of a variac. The heat tape was used to warm the oil so that it could be pumped.
A type K thermocouple junction located a few centimeters below the discharge end of the pyrex circulation tube provided a measure of the bulk temperature of the oil as it approached the plasma zone.
The system used to deliver microwave energy to the terminated waveguide applicator Microwave energy was supplied by a Cober S6F industrial microwave generator. The generator power output was adjustable from 0 to 6000 watts at a fixed frequency of 2.45 GHz. The generator was connected via a magnetic circulator and a Microwave Techniques twin stub tuner to a terminated waveguide applicator (Haugsjaa, 1986) . The applicator was constructed by boring a 22-mm hole through the center of the broad faces of a standard WR284 waveguide termination. The distance from the center of the hole to the shorted end of the termination was equal to half the width of the broad face. Hewlett-Packard 432 power meters were used in conjunction with the directional coupler to measure incident and reflected power.
The gas flow system is shown schematically in Figure 3 . Precision needle valves were used to regulate the flow of reactant and inert gases. Flow rates were measured by rotameters that were calibrated using a soap bubble flow meter. A Wallace and Tiernan precision differential pressure gage (0-800 mm Hg) was used to measure the system pressure.
Condensible liquid products were collected from the outlet gas stream in a lO-mL cold trap immersed in a slurry of dry ice and methanol. Downstream of the cold trap, a rubber septum was provided through which grab samples of the product gas could be withdrawn by means of a gas-tight syringe. A throttle valve, vacuum trap, and rotary pump completed the gas flow system. For a typical test series, the distance between the top of the oil discharge tube and the bottom of the microwave applicator was established by moving the reactor up or down to the desired position. This distance remained set throughout the test series. The preconditioned crude was warmed in an oven to a temperature above the pour point, and approximately 109 of the warm oil was placed in the sump. The heat tape was adjusted to maintain the oil temperature at about 56°C (133 OF), and the circulation pump was started.
With the oil circulating, the vacuum pump was started and the system was pumped down to the test pressure. After the desired pressure was attained, inlet gas flow was begun by opening the appropriate flow control valve/valves. After allowing several minutes for the system to purge and equilibrate, the microwave generator was turned on at a preset power, the stainless steel rod was sparked with a Tesla coil to initiate the plasma, and the beginning time, pressure, gas flows, oil temperature, and generator power output were recorded.
Pressure, flows, and temperature were recorded, and grab samples of the product gas stream were taken at intervals as the test progressed. After the test, the generator was shut off, and the system was brought up to atmospheric pressure with inert gas. The cold trap was allowed to warm up, and samples of the condensed liquid product and recycle oil were saved for analysis.
RESULTS AND DISCUSSION

Plasma Reactions with Scrap Tires
Exploratory experiments were conducted on the use of microwave-induced hydrogen plasmas for converting scrap tires to useful products. Two experimental arrangements were employed. In one arrangement, a small glass thimble containing -0.5 g of -40 + 80 mesh scrap tire from Rubber Granulators Inc. was placed inside a 19-nun Co.d.) Vycor tube. This assembly was then placed in the waveguide of a Cober Electronics model S6F industrial microwave generator. The contents were evacuated to -20 torr pressure and a flow of hydrogen maintained at this pressure. A hydrogen plasma was induced by discharging a Tesla coil onto a thin metal rod that extended into the plasma region. The rod was removed after plasma initiation.
The scrap tire was irradiated for about 15 min under these conditions and produced about an 8% weight loss. For this preliminary experirrent, gases and liquids were not trapped. However, there was a noticeable change in the color of the residue from black to brown. Solid state l3C NMR measurements were made on the residue material (Figure 4b ). The spectrum clearly shows the loss of natural rubber (133, 124, 22 Another scrap tireJhydrogen plasma experiment was conducted using a Kenmore microwave oven. In this experiment, -3 grams of scrap tire were placed in a round-bottom flask, which was configured to maintain a flow of hydrogen at -20 torr. The scrap tire was irradiated for -9 min in the hydrogen plasma, during which there was a 53% conversion to gas and liquid products. Most of the conversion occurred during the first few minutes. Liquids accounted for 37.5% of the amount converted.
The residue from this experiment was examined by solid-state l3C NMR (Figure 4c ). This residue resembled the starting material in terms of color; however, the residue severely detuned the NMR probe, presumably because of increased electrical conductivity of the residue carbon. In addition, the aliphatic carbon component was absent for this residue. Comparison of the NMR spectra of both residues shows removal of most of the carbons in the polyisoprene (natural rubber) and polystyrene-butadiene components.
Produced liquids were trapped in a dry ice/methanol bath. A simulated distillation was performed on the liquid product to assess its quality ( Figure 5 ). The distillation curve was bimodal, with almost one third (31.5%) of the material boiling in the gasoline and diesel boiling ranges.
Residue accounted for about 10% of the material. Although these experiments were exploratory, they did illustrate that microwave-induced plasmas could be used to decompose waste tires into potentially useful liquid products. In the exploratory experiments, the rubber tire was placed in the region where the plasma was generated.
However, this arrangement tends to produce more gases than liquids. Additional studies are necessary to more completely determine the feasibility of the process. Such studies include inter alia varying of the geometry of the sample/plasma arrangement, the use of magnetic fields to concentrate the reactive species, and the use of other gases (e.g. methane) to alter the reaction chemistry and final value-added product distribution.
Plasma Experimepts with Whole Crude Oil
Microwave plasma experiments were conducted on an unrefined Chetopa crude oil to test the circulating reactor system Experiments were conducted for different periods of time using hydrogen and methane plasmas, at pressures of -5 torr, flow rates of 5 cclmin and 200 watts of microwave power (Table 2) . A certain portion of the starting material was distillable under the low pressure at which the plasma experiments were conducted. As a result, some distillate material was collected in the dry ice/methanol trap when the microwave generator was off and when there was no hydrogen or methane in the plasma. Run 865-54 (Table 2 ) represents a blank run in which the microwaves were turned off and there was no plasma, and run 865-60 represents a blank in which the there was microwave power in the cavity and a helium plasma was generated. Runs 865-56 and 856-64 represent runs when hydrogen and methane were added to the plasma, respectively.
The distillate and resid from these runs were collected, and simulated distillations were performed to obtain an assessment of the quality of the liquids. The results for the distillates are shown in Figure 6 . The data for He at 0 watts represent the profiles for the original oil. The data indicate that up to the temperature at which about 50 volume percent of the liquid product is distilled, the boiling temperatures of the plasma-produced distillates are lower than the distillate fraction of the crude oil produced in the absence of the plasma. A bar graph comparing the initial boiling points for the four distillate fractions is shown in Figure 7 . The distillates collected from exposure to hydrogen and methane plasmas had initial boiling points lower than the materials generated during the blank runs. The distillate from the crude oil in the absence of any plasma had the highest initial boiling point. These data suggest that some improvement of distillate quality may have been obtained during irradiation of the crude oil in the hydrogen and methane plasmas. However, material balances were not obtained, so the results are not quantitative.
During experiments on the generation of plasmas from methane, some liquids were produced and were collected in the dry ice/methanol trap. It was estimated that between 5 and 10 % of the methane was converted to liquids from recombination reactions of the reactive radical and ion species in the methane plasma. GC/MS and IH NMR analyses were made on the liquid product. The GC/MS analyses identified a wide variety of unsaturated compounds, including benzene, toluene, ethyl benzene, methyl and ethyl naphthalenes, small amounts of larger aromatic rings, and a number of olefinic compounds. The types of compounds are also formed during high-temperature pyrolysis and aromatization of methane (Marcelin et al. 1993 ). An IH NMR spectrum of the liquid product is shown in Figure 8 . The spectrum clearly shows a large number of aliphatic hydrogens (0 -4 ppm) and aromatic hydrogens (6 -8 ppm) in the sample. Olefinic hydrogens (4 -6 ppm) represent a small amount of the total hydrogen composition of the sample. 
~ ~ 
Plasma Experiments with Vacuum Distilled Crude Oil
A summary of the microwave plasma experiments conducted on the Chetopa crude oil are listed in Table 3 . These experiments were mostly exploratory experiments to see what effects different combinations of plasmas might have on changing the composition of the resid. As a result, the amount of conversion was not obtained.
The recycle oils from the plasma experiments exhibited similar distillation profiles. However, the simulated distillation chromatograms of the recycle oils all showed an enhanced normal alkane peak corresponding to a ~ normal alkane compared to the starting material (Figure 9 ). The origin of this peak is not known. Generally, plasma reactions lead to a variety of different products. As noted earlier, even for the case of liquids produced from methane the product distribution was a complex mixture of compounds. The C 25 peak could also be an artifact due to some type of contamination. However, we have not been able to validate this.
In general, the simulated distillation curves of the oils produced from various combinations of plasmas were similar (Table 4) . Most of the product oils were distillable in the range, 204 -260 °C (400 -500 oF). Figure 10 shows the simulated distillation boiling point curve for sample 82"0, which was generated in a HeIH2 plasma. This curve is typical of the oils produced from the microwave plasma reactions. One series of experiments behaved differently from the others. This was an argon/methane plasma reaction in which the recycle oil was placed at the bottom of the wave guide and thus closer to the plasma region. The distillate oil (98-0) produced from this experiment had an amber color. The oil (94-0) produced when the recycle oil was positioned below the wave guide was colorless.
In addition, the distillation properties of the two oils were different (Figure 11 ). The oil produced when the reactor was placed at the bottom of the wave guide had an overall lower boiling point curve than the oil produced when the reactor was placed below the wave guide.
Liquid-state l3C NMR spectra were also obtained on the produced and recycle oils from the argon/methane plasma experiment (Figure 12 ). The oil produced at the bottom of the wave guide gave a very broad NMR spectrum, which is characteristic of a solid rather than a liquid. This spectrum was almost identical to that of a solid reaction product (84-C, also amber in color) that was scraped from the reactor walls after a plasma experiment was conducted using only helium ( Figure  12 ). Free radicals are known to broaden NMR lines. Free radicals are also involved in plasma reactions. Therefore, the severe broadening of the liquid-state NMR spectrum could be due to free radicals in the liquid product. The NMR spectra of the recycle oils are similar to those of the starting materials. This is expected, as the amount of conversion, although not measured, was estimated to be <5%. The NMR spectrum of the produced oil (94-0) shows greater resolution in the aromatic (100 -160 ppm) and aliphatic regions (0 -60 ppm) than does the corresponding recycle oils. This spectrum is typical of the oils produced by the plasmas. In particular, the aliphatic region is characteristic of materials containing short chains, branching, and naphthenic compounds.
The carbon aromaticities of the recycle oils were slightly lower than those of the feedstock material, suggesting that some hydrogenation and methanation had taken place. This was true for all cases except for the one in which the experiment was conducted in a helium plasma only. In this case, the aromaticity was about the same as for the feed material. This is to be expected, because there are no reactive hydrogen or methyl radicals present in the helium plasma. The aromaticities of the product oils do not appear to show any correlation with reaction conditions.
Plasma Experiments on High-Sulfur Aspbalt
Exploratory microwave plasma experiments were conducted on a high-sulfur asphalt to determine whether hydrogen plasmas can desulfurize asphaltic materials. The asphalt selected for study was obtained from the Strategic Highway Research Program (SHRP) Materials Reference
Library (Cominsky et al. 1989) and is designated as AAD-2. It was derived from a California coastal crude oil and had a reported sulfur content of 8.3 wt%.
Desulfurization experiments were conducted on this asphalt using hydrogen and helium plasmas. For these experiments, a thin film coating of asphalt was placed in a glass sample holder and positioned just below the plasma region to minimize the high-temperature reactions that would generally occur in the plasma region and to minimize any effects due to microwave heating of the asphalt. Plasmas were initiated using a Tesla coil and 100 watts of microwave power. No attempts were made to determine the lowest power level required to sustain the plasma. Experiments were also conducted by heating the asphalt to melting in the absence of a plasma to determine whether any desulfurization had occurred as a result of heating. A gas-tight syringe was used to acquire samples for gas chromatographic analyses. Gas analyses of the sulfur species were made using a flame photometric sulfur detector. Sulfur-containing gaseous species were identified by retention times using known gases.
The results of the exploratory experiments on the use of a hydrogen plasma to desulfurize heavy oils are sununarized by the gas chromatograms in Figure 13 . Figure 13a is a chromatogram of a gas sample taken less than a minute after the plasma was initiated. The chromatogram clearly shows peaks identified as H 2 S and CS 2 • The relative percentages of H 2 S and CS 2 were approximately 40 and 60%, respectively.
As the experiments were largely exploratory, the mechanisms leading to product formation were beyond the scope of the present study. Because the reactions could involve radicals, molecular ions, and perhaps molecules in electronically excited states, a variety of mechanisms are possible. In addition, chemical analyses of the forms of sulfur in this asphalt were not made, although Green et al. (1993) reported that about 59% of the sulfur in this asphalt was in the form of thiophenic sulfur and about 32% in the form of aliphatic sulfides. However, in that study, the wt % of sulfur was reported to be 5.3 versus 8.3 for the asphalt used in this study.
The formation of H 2 S could be due to hydrogenolysis reactions of the aliphatic sulfides, as well as removal of the thiophenic sulfur by hydrogen abstraction. These types of reactions are known to remove heteroatoms in the presence of hydrogen during coal liquefactions (Finseth et al. 1985) . The formation of CS 2 is more difficult to explain because of the removal of two sulfur atoms by one carbon atom Because of the high amount of sulfur (8.3 %) in the AAD-2 asphalt, some of the sulfur might be in the form of free sulfur. Reactions of this form of sulfur with saturated and unsaturated ~ -C 4 hydrocarbon gases in laser-induced plasmas gave CS 2 as the major product (Miknis and Biscar 1972) . In that study, a carbon insertion reaction involving a cyclic intermediate was suggested to account for the CS 2 .
The production of sulfur-containing species ceases shortly after initiation of the plasma. GC analysis of gas samples taken about 5 minutes into the reaction showed almost no traces of H 2 S and CS 2 • These observations suggest that the plasma desulfurization reactions are primarily surface reactions. Heating the asphalt in air, in vacuum, or in a helium plasma showed little evidence of desulfurization (Figures l3b-d) . However, the presence of other products, such as S02 and thiophene, suggest that other mechanisms are operative under these conditions.
The exploratory experiments suggest that hydrogen plasma reactions can provide a method to desulfurize heavy oils noncatalytically at low temperatures. However, additional work is needed before definite conclusions along these lines can be made.
SUMMARY AND CONCLUSIONS
Exploratory experiments have been conducted on the use of hydrogen and methane plasmas to upgrade waste materials and heavy oils. Most of the exploratory experiments were conducted in a configuration in which the reacting materials were in close proximity to the plasma region. In these cases, there was generally some reaction of the plasma species and the starting material.
Irradiation of scrap tire material for -9 minutes in a microwave-generated hydrogen plasma produced a 53% conversion to gas and liquid products. Most of the conversion occurred in the first few minutes of irradiation. Liquid product accounted for 37.5% of the product. About a third of the liquid product boiled in the gasoline and diesel boiling ranges. In the absence of the plasma, there was no noticeable decomposition of the tire. Thus, plasma irradiation of scrap tire materials has the potential to produce useful liquid products from these materials.
Irradiation of a heavy crude oil in a continuously flowing reactor using hydrogen or methane plasmas produced some distillate material. The amount of conversion in these experiments was low because of the high paraffinic and low heteroatom content of the feed material. Nevertheless, based on the observation that the carbon aromaticity of the recycled oils was lower than that of the feed, it was concluded that hydrogenation and methanation had occurred.
Significant amounts of hydrogen sulfide and carbon disulfide were produced during the first few minutes of reaction between a high-sulfur asphalt and a hydrogen plasma. The amounts of these species decreased fairly quickly with time, suggesting that the reactions took place at the surface of the asphalt. Preliminary experiments conducted in an inhomogeneous magnetic field to minimize recombination reactions did not produce any significant desulfurization or hydrogenation of the asphalt. Additional experiments should be pursued to determine whether asphalt can be desulfurized using plasmas.
FUTURE WORK
The work conducted during this project was primarily exploratory. However, some very interesting results were obtained that require further investigation before valid conclusions can be drawn. Of the several plasma reactions that were investigated, the most interesting was the one in which a hydrogen plasma was used to abstract sulfur from a high-sulfur asphalt. These reactions may prove to be of considerable economic importance and therefore merit further attention.
Analysis of the effluent gas stream showed the presence of sulfur species when a high-sulfur asphalt was exposed to a hydrogen plasma. These tests were conducted in a small batch reactor, and material balances were not obtained. Experiments should be done such that material balances are obtained. In addition, experiments should be conducted on larger quantities of sample so that the liquids, gases, and solid products can be analyzed in greater detail, i.e., using elemental analyses, NMR, GC, molecular weights, etc.
The plasma experiments were conducted using a 2.45 GHz industrial microwave generator. Additional investigations should be conducted using other means of plasma initiation. For example, generation of plasmas using radio frequencies, and perhaps DC, rather than microwaves should be investigated. Also, different reactor geometries need to be investigated.
-.
-.. ~ ~ . . ,-Plasma experiments were conducted at low pressures (ca. 0.01 atm). On another project, the plasma reactor was operated at near-atmospheric pressures. Experiments should be done to determine an upper pressure limit for sustaining the plasmas during the desulfurization experiments.
The work demonstrated that a number of chemical reactions occur when samples are placed in the plasma region. Generally, these reactions are not selective under these conditions. Different experimental geometries should be investigated to determine whether some product selectivity can be obtained. Also, due to time constraints, preliminary tests were conducted on only one asphalt using hydrogen and helium plasmas. Additional experiments should be conducted on other highsulfur asphalts and heavy oils and with other plasmas (methane, water).
